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ABSTRACT  Isolated human neutrophils possess three distinct pathways by which 
CI- crosses the plasma membrane of steady state cells: anion exchange, active trans- 
port, and electrodiffusion. The purpose of the present work was to investigate the 
selectivity of each of these separate processes with respect to other external halide 
ions. (a) The bulk of total anion movements represents transport through an elec- 
trically silent anion-exchange mechanism that is insensitive to disulfonic stilbenes, 
but which can be competitively inhibited by a-cyano-4-hydroxycinnamate (CHC; K~ 
0.3 mM). The affinity of the external translocation site of the carrier for each of 
the different anions was determined (i) from substrate competition between CI- 
and either Br-, F-, or I-, (ii) from tram  stimulation of s6C1-  efflux as a function of 
the external concentrations of these anions, (iii) from changes in the apparent K i for 
CHC depending on the nature of the replacement anion in the bathing medium, 
and (iv) from activation of S~Br- and ~2sI- influxes by their respective ions. Each was 
bound and transported at roughly similar rates (V~ values all 1.0-1.4 meq/liter cell 
water, min); the order of decreasing affinities is CI- >  Br- >  F- >  I- (true Km values 
of 5, 9, 23, and 44 mM, respectively). These anions undergo 1:1 countertransport 
for internal CI-. (b) There is a minor component of total CI- influx that constitutes 
an  active  inward  transport  system  for  the  intracellular  accumulation  of  C1- 
([Cl-]i ~  80 meq/liter cell water), fourfold higher than expected for passive distri- 
bution. This uptake is sensitive to intracellular ATP depletion by 2-deoxy-D-glucose 
and can be inhibited by furosemide, ethacrynic acid, and CHC, which also blocks 
anion exchange. This active CI- uptake process binds and transports other members 
of the halide series in the sequence CI- >  Br- >  I- >  F- (Km values of 5, 8, 15, and 
41  mM, respectively). (c) Electrodiffusive fluxes are small. CHC-resistant S~Br- and 
~25I- influxes behave as passive leak fluxes through low-conductance ion channels: 
they are nonsaturable and strongly voltage dependent. These anions permeate the 
putative CI-  channel in the sequence  I-  >  Br-  >  C1- with relative permeability 
ratios of 2.2:1.4:1, respectively, where Po ~  5  x  10-9 cm/s. 
Address reprint requests to Dr. Louis Simchowitz, John Cochran V.A.  Medical Center, 915 N. 
Grand Ave., St. Louis, MO 63125. 
J. GEN. PHYSIOL.  ￿9  The Rockefeller University  Press ￿9 0022-1295/88/06/0835/26  $2.00 
Volume 91  June  1988  835-860 
835 836  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  91  ￿9  1988 
INTRODUCTION 
Neutrophils and other phagocytic cells play vital roles in the normal host defense 
against invading microbes and, in certain pathological conditions, they contribute to 
tissue injury as well. The studies presented here are part of a long-range research plan 
aimed at understanding the physiology of human neutrophil function. These inves- 
tigations represent a continuing effort toward a systematic examination of the mem- 
brane properties of resting cells in order to provide the proper framework for eval- 
uating the changes in ion fluxes that occur in cells activated by chemotactic factors 
and other stimulatory agents. The present work arises as a direct outgrowth of our 
recent reports on CI- movements in resting neutrophils (Simchowitz and De Weer, 
1986; Simchowitz et al.,  1986). 
Steady state human polymorphonuclear leukocytes exchange CI- with their 148 
mM  C1-  bathing medium at a  rate of ~1.4  meofliter cell water.rain.  In previous 
reports (Simchowitz and De Weer, 1986; Simchowitz et al., 1986), we have presented 
evidence for three distinct pathways to account for all SSc1- movements across the 
neutrophil plasma membrane. (a) Approximately 30% of C1-  effiux and ~8% of C1- 
influx  behave  as  electrodiffusion  through  a  low-permeability  pathway  (Pa ~ 4- 
5  x  10 -0 cm/s, PK:Pa ~  10); these fluxes are nonsaturating and strongly voltage sen- 
sitive. (b) Approximately 20% of C1- influx behaves as active transport that requires 
metabolic energy and could be inhibited by 2-deoxy-D-glucose, a-cyano-4-hydroxy- 
cinnamate  (CHC), furosemide, and ethacrynic acid; this active process is probably 
responsible  for  the  intracellular  accumulation  of C1-  ([C1-]i ~-80  meofliter  cell 
water), fourfold above expected passive distribution for the cell's resting membrane 
voltage of approximately -53  mV (Seligmann and Gallin,  1980; Simchowitz et al., 
1982; but see Simchowitz and De Weer, 1986). (The underlying mechanism has not 
been clarified, nor has the nature of the relationship to intracellular ATP depletion. 
In view of this, we chose the general term "active" to describe this process, which 
could conceivably represent a form of either primary or secondary active transport. 
While this CI- uptake system exhibits some of the properties that one might associate 
with a primary ATP-driven CI- pump, it should be emphasized that the existence of 
such a pump has not as yet been demonstrated in these cells.) (c) The major portion 
(-70%) of one-way CI- influx and effiux represents electrically silent CI-/CI-  self- 
exchange, which is mediated by a nonselective anion carrier insensitive to disulfonic 
stilbenes. The properties of this anion exchange, which we have shown to function 
physiologically as a CI-/HCO 3- exchange mechanism in the regulation of intracellu- 
lar pH after imposed alkalinization (Simchowitz and Roos, 1985), were characterized 
in some detail in our earlier article (Simchowitz et al.,  1986), in which we demon- 
strated substrate saturation,  "trans"  effects, specific inhibition,  substrate competi- 
tion, and countertransport. The carrier is not specific for Cl-: although it binds C1- 
with  relatively high  affinity (Kin ~  5  raM), p-aminohippurate  (PAH)  is  also  trans- 
ported, but with comparatively low affinity (Kin ~  50 mM). These substrate interac- 
tions are competitively inhibited by CHC, a known monocarboxylate anion inhibitor 
in mitochondria and red blood cells (Halestrap and Denton, 1975; Halestrap, 1976; 
Deuticke, 1982), with K i ~  0.3 raM. A simple equilibrium carrier model satisfactorily 
accounts  for the  kinetics  of the  carrier with  respect  to  the  various  extracellular 
ligands, CI-, PAH, and CHC. L. SIMCHOWlTZ  Anion Selectivity in Human Neutrophils  837 
The  present  work was  undertaken  to  characterize  the  selectivity of these  three 
pathways  of CI-  movement  with  respect  to  other  halide ions.  We  find that  these 
anions  permeate  the  putative CI-  channel  in  the  sequence  I-  >  Br-  >  CI-, with 
relative permeabilities of 2.2:1.4:1.  On the other hand,  the ATP-dependent system 
for active CI-  uptake binds anions in the squence CI- >  Br- >  I- >  F-, with K m values 
of 4.8,  7.8,  14.6,  and 40.9  mM,  respectively. The  present study also confirms the 
relative nonselectivity of the anion-exchange carrier with respect to other halides. All 
were bound and transported, in order of decreasing affinity: C1-  >  Br- >  F- >  I-. 
Affinities were determined from substrate competition between Br-, F-, or I-, and 
either CI- or PAH, from trans activation of 36C1- efflux by external halides replacing 
glucuronate (an inert replacement anion), from changes in the apparent Ki for CHC 
inhibition depending on the nature of the replacement anion, and from influx mea- 
surements of labeled Br- and I- as a function of the external concentrations of these 
ions. The true K m values for CI-, Br-,  F-, and I- are 5.0,  9.4,  23.2,  and 44.2  mM, 
respectively. The results also show that these anions undergo  1:1  countertransport 
with CI-. 
METHODS 
Incubation Media 
The standard medium used throughout this study had the following composition (millimolar): 
140 NaCI, 5 KCI, 1 CaCI  2, 0.5 MgC12, 5.6 glucose, 5 HEPES buffer (pH 7.40), and 1 mg/ml 
crystalline bovine serum albumin. Where required, N-methyI-D-glucamine or K + replaced Na + 
and either Br-, F-, I-, PAH, or glucuronate replaced C1-. When F- was used as the substitute 
for CI-, Ca  ~§ and Mg  ~+ were omitted. In preliminary studies, it was ascertained that the lack of 
external Ca  ~+ and Mg  2§ had no effect on unidirectional snCl- fluxes measured in 148 mM CI- 
medium. All solutions were routinely gassed with N 2 immediately before experimentation in 
order to deplete the amount of HCO~ in these nominally CO2/HCO~-free media. When the 
effect of 1 mM 2-deoxy-D-glucose (2-DOG) was tested, the cells were first pretreated with the 
drug for 10-15 rain in glucose-free medium and then resuspended in the experimental solu- 
tions. Thus, the flux measurements were also conducted with 2-DOG in the absence of  glucose. 
The lack of glucose in the bathing media per se had no effect on any of the assays. 
Neutrophils 
Normal human peripheral blood neutrophils were isolated by sequential dextran sedimenta- 
tion and Ficoll-Hypaque (Pharmacia Fine Chemicals, Inc., Piscataway, NJ) gradient centrifu- 
gation (B6yum, 1968). Contaminating erythrocytes were removed by lysis in distilled water for 
30 s. The neutrophils were washed twice and then counted. Purity averaged 97%, as judged by 
Wright's stain. Viability, assessed by eosin Y exclusion, averaged 99% and was not affected by 
any of the agents tested in this study. The cells were prepared at 37~  spun in unrefrigerated 
centrifuges, and kept at 37~  for at least 60 min before and during all assays. (Storage for up to 
3 h at that temperature in 5 mM K §  148 mM C1- medium had no effect on intracellular K § 
Na  + [Simchowitz et al., 1982], or CI- content  [Simchowitz and De Weer,  1986], or on the 
subsequent behavior of the neutrophils.) These cells, which had an internal CI- concentration 
of ~80 meq/liter cell water, will henceforth be termed "normal CI-." For some studies, a batch 
of Ci--depleted cells ([Cl-]i ~ 2 meq/liter cell water) was prepared by incubating cells in 148 
mM PAH medium for >_5 h at 37~ 838  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  91  ￿9  1988 
Reagents 
We obtained crystalline bovine serum albumin, PAH, sodium PAH, 2-DOG, glucuronic acid, 
sodium glucuronate, N-methyl-I)-glucamine, and HEPES from Sigma Chemical Co., St. Louis, 
MO; CHC from Aldrich Chemical Co., Milwaukee, WI; nigericin from CalbiochemoBehring 
Corp., La Jolla, CA. A  3-raM stock solution of nigericin in dimethyisulfoxide was made and 
diluted as needed into the appropriate medium. All inorganic salts were purchased from Fisher 
Scientific, St. Louis, MO. Isotopes were purchased from New England Nuclear, Boston, MA: 
'~6C1- (specific activity, 13.8 mCi/g CI), S~Br- (specific activity, 3.2 mCi/mg Br), and 125I- (car- 
rier free). For experiments with S2Br-, supplied as NH4[S2Br] in 0.1  N  NH4OH, the NH4OH 
was removed by evaporation under a stream of N~ and the remaining salt was then dissolved in 
medium. For the ~'~5I- studies, the small amount of free I~ was removed by incubating a small 
aliquot of the Na[~I] solution with 5 mM Na~S203, evaporating with N~, and then diluting the 
residue in medium. Furosemide was a generous gift of Hoechst Laboratories, Somerville, NJ; 
the potentiometric dye diS-Cs(5) (3,3'-dipropylthiadicarbocyanine  iodide) was a gift from Dr. 
Alan Waggoner of Carnegie-Mellon University, Pittsburgh, PA. 
36C1-,  82Br-, and ~251- Flux Measurements 
The technique described by Naccache et al. (1977) was employed. Neutrophils (7-10 x  106 
cells/ml) were incubated at 37~  in capped plastic tubes (Falcon Plastics, Oxnard, CA). Influx 
experiments were performed in the presence of 36C1- (1.5 ~Ci/ml) or 82Br-  (2.0 #Ci/ml) or 
12'~I- (3.0/,tCi/Inl).  At stated intervals, triplicate 0.5-ml aliquots were layered on 0.7 ml silicone 
oil (Versilube F-50, General Electric, Waterford, NY)  and spun at 8,000  g  for  1 rain; cell 
separation occurred in <5 s. The pellets were excised and either counted directly (S~Br- or 
Jz~I-) in a gamma counter (model 5500,  Beckman Instruments, Palo Alto, CA) or dispersed 
(~6C1-) in  10  ml of Aquasol 2  (New England Nuclear) and counted in a  liquid scintillation 
counter (LS 7000, Beckman Instruments). Influxes, corrected for zero-time "uptake" (which 
represents label trapped in the extracellular space), followed single-exponential equations of 
the form: 
C, = C|  [1  -  exp(-kt)],  (1) 
where C, is the cell label at time t, C|  is the cell label at steady state, and k is the rate coefficient. 
Eq. 1 was fitted to the data by a nonlinear least-squares program, and the initial influx rate was 
computed from the product kC|  In some cases, influx was so slow as to appear linear over the 
period of study; the rate was then simply the slope of the straight line. 
For the efflux studies, neutrophil suspensions (2-3 x  107/ml) were incubated with s6CI- (2.5 
~Ci/ml) for 1-2 h at 37~  The cells were then washed twice and resuspended in unlabeled 
medium. Triplicate samples were taken at stated intervals and spun and counted as above. In 
order to correct for the daily variation in the extent of cell loading, the data for each exper- 
iment were normalized to 1.0 at zero time by dividing the counts per minute at any time t by the 
number of counts per minute in the cell pellet at zero time. Effiux kinetics were first order, and 
the rate coefficients were determined by least-squares fitting of single exponentials to the time 
course of radioactivity remaining in the cells. All figure symbols are averages _+ SEM. 
Fluorescence Measurements 
A  l-raM stock solution of diS-Cs(5) in ethanol was kept in the dark at 4~  Experiments were 
performed in a  total volume of 3  ml containing 4  x  106 neutrophils, 1 ~M dye, and 0.1% 
ethanol. After equilibration for 5-10  rain at 37~  the fluorescence of the dye-cell suspen- 
sions was measured at 37~  in a spectrofluorometer (model 430, Turner Associates, Palo Alto, 
CA). Excitation was at 622 nm; emission was at 670 nm. At the concentrations employed, and L. S1MCHOWITZ Anion Selectivity in Human Neutrophils  839 
for the duration and conditions of the assays, neither ethanol nor the dye affected neutrophil 
viability  as assessed by eosin Y exclusion,  or functional integrity as measured (Simchowitz, 
1985) by the superoxide generation response elicited by a  5-min exposure to the synthetic 
chemotactic factor N-formyl-methionyl-leucyl-phenylalanine (0.1  #M).  The intracellular  ion 
concentrations or active and passive fluxes of K § and Na  § were similarly unaffected (Simcho- 
witz et al.,  1982). In the absence of cells, changes in the medium's anion composition did not 
alter dye fluorescence, except in the case of iodide, which quenched the dye. 
RESULTS 
Halide Ion Permeabilities 
We determined the permeability of the neutrophil plasma membrane to Br- and I-, 
relative to that for CI-, from the passive influxes of the labeled anions. The rates of 
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FIGURE 1.  Rates  of  CHC-resistant 
S2Br-  and  ]2sI-  influx  into  CI-- 
depleted  cells  ([Cl-]i ~ 2  mM).  The 
bathing  solutions  contained  3-100 
mM  of either  Br-  or  I-  (balance, 
PAH) and 40 mM CHC. Experiments 
were  performed  over the  course  of 
1 h, during which influxes were linear 
with  time.  Influx  rates  (n- 4  for 
each), which were computed from the 
slopes of the tracer uptake and plot- 
ted  against  the  external  anion  con- 
centration,  are linearly proportional 
to [Br-]  o and [I-]  o- The slopes of the 
lines are 0.79 •  0.04 (middle line) and 
1.31  -+ 0.08 (upper line). The slope of 
the CI- line (lower line),  taken from 
Simchowitz and  De Weer  (1986),  is 
0.56  -  0.02. 
influx of 8~Br- and 125I-  into Cl--depleted cells were measured in the presence of 40 
mM CHC, an inhibitor of both anion exchange and active transport (Simchowitz and 
De Weer, 1986; Simchowitz et al., 1986). As previously shown with 360- (Simchowitz 
and De Weer, 1986), under these conditions the residual influxes and effluxes behave 
as electrodiffusive fluxes through ion channels: they do not saturate, they are voltage 
sensitive,  and they exhibit  flux ratios appropriate  to constant-field behavior.  Fig.  1 
shows the rates of CHC-insensitive S2Br- and 12sI-  influxes plotted against the exter- 
nal anion concentration. The s6Cl- influx data of Simchowitz and De Weer (1986) are 
also shown for comparison.  For both a2Br-  and ]25I-, CHC-resistant  influxes were 
linear  functions  of [Br-]o and  [I-]o between  3  and  100  mM, with  no evidence  of 
saturation, which suggests that these fluxes, as already documented for Cl-, are also 
electrodiffusive in nature.  Assuming membrane voltage (Vm) tO be roughly constant 840  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY-  VOLUME  91  ￿9  1988 
and largely independent  of the nature  or concentration  of the major anion  in the 
bathing medium (see below), the slopes of the lines imply a  relative I:Br:C1 perme- 
ability ratio of 2.3:1.4:1.  Since Pc~ (4-5  ￿  10 -9  cm/s)  is -1/10  of PK (Simchowitz 
and De Weer,  1986),  one would expect [Br-] and [I-] to have little effect on mem- 
brane potential on the basis of these results. Our tests with the voltage-sensitive dye 
diS-C3(5) support this: as with C1-  (Simchowitz and De Weer,  1986),  variations of 
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and  12sI- influxes into  Cl--depleted 
([CI-]  i -  2 mM) cells. The media contained 98 mM PAH, 40 mM CHC, 10 mM of either NaBr 
or NaI, and K § at concentrations ranging from 0.2 to 124 mM (balance, N-methyl-D-giucam- 
ine). (A) 8~Br- influx at various [K+]o'S, following the method of Fig. 1. The rates were linear, 
and the values of the slopes were (miUiequivalents per liter times minutes): 0.00180  •  0.00125 
at 0.2 mM K §  0.00423  •  0.00201  at 3.1  mM K §  0.0108  •  0.0013 at 12 mM K §  0.0196  • 
0.0028 at 40 mM K §  0.0279 _+ 0.0023 at 85 mM K § (containing 2 #M nigericin), and 0.0311  • 
0.0013 at 124 mM K + (n = 3 for each set). (B)  ~5I- influx at various [K+]o'S. The rates were 
linear,  and  the  values  of  the  slopes  were  (milliequivalents  per  liter  times  minutes): 
0.00190  •  0.00140 at 0.2 mM K +, 0.00648  •  0.00073 at 3.1 mM K +, 0.0147  •  0.0010 at 12 
mM K +, 0.0324  _+  0.0021  at 40 mM K +, 0.0412  •  0.0020 at 85 mM K + (containing 2 #M 
nigericin), and 0.0478  •  0.0029 at 124 mM K § (n = 3 for each set). 
external  Br-  between  0  and  148  mM  (replacing PAH  or  glucuronate)  had  little 
effect on resting Vm, which remained constant at approximately -50  mV.  Unfortu- 
nately, a  technical problem (quenching of dye fluorescence in  148 mM I- medium) 
prevented our assessment of the effect of external I- concentrations on  Vm. 
Passive fluxes should also be voltage sensitive. The resting membrane potential of 
these cells is about  -53  mV (Seligmann and Gallin,  1980; Simchowitz et al.,  1982; 
Simchowitz and De Weer,  1986). The K:Na:CI permeability ratio is 10:1:1  (Simcho- L. SIMCHOWrrz Anion  Selectivity in Human Neutrophils  841 
witz and De Weer, 1986). We manipulated the cells' membrane potential by varying 
[K+]o between 0.2 and 124 mM in 10 mM Na  + media (equivalent replacement with 
N-methyl-D-giucamine). The media also contained 40 mM CHC, 98 mM PAH, and 10 
mM of either Br- or I-.  Furthermore, we assumed the following intracellular ion 
concentrations: 120 mM [K+]i, 25 mM [Na+]i (Simchowitz et al., 1982), and ~2 mM 
[C1-]i (Simchowitz and De Weer, 1986). Under these conditions, and given (as will be 
shown later) that PBr and Px are, respectively, ~1.4 and ~2.3 times Pm and that the 
products PBr[Br-]i and Pi[I-]i are negligibly small during the course of the experi- 
ments, the constant-field membrane potential equation (Goldman,  1943; Hodgkin 
and Katz, 1949): 
RTln /Px[K+]o +  eN.[Na+]o  +  Pca[Cl-]i +  PxtX-]i] 
V~ = -7  ~Px[K+]i  +  PNa[Na+],  +  Pm[CI- ]o + Px[  X-]o]  (2) 
(where X stands for Br- or I-, P represents permeability, and the other symbols have 
their usual meaning) reduces to ([K+]o in millimolar): 
= RTln[[K+]o +  1.2) 
Vm  r  k  1-2--4  "  (3) 
Fig. 2 shows the time courses of S2Br  -  (A) and l~sI- (B) influxes at [K+]o = 0.2, 3.1, 
12, 40, 85 (plus 2 #M nigericin), and 124 raM, or, from Eq. 3, Vm =  -  120, -  90, -  60, 
-  30,  -  10, and 0 mV, respectively. As expected for electrodiffusive fluxes, depolar- 
ization caused the CHC-insensitive S2Br- and ~sI- uptake rates to increase dramati- 
cally as [K+]o was raised from 0.2 to 124 raM. At about the normal resting potential 
(V~ approximately  -60  mV), influxes of 0.0108  _+  0.0013  and  0.0147  +  0.0010 
meq/liter, min from 10 mM Br- and 10 mM I- media, respectively, are found, simi- 
lar  to  the  influx  rates  from  10  mM  Br-  and  I-  media  (0.0085 + 0.0009  and 
0.0143 _+ 0.0024  meq/liter.min,  respectively), at a  V  m of approximately  -53  mV 
(Fig. 1). Also shown in the figures is the apparent lack of effect of 2/,M nigericin on 
these CHC-resistant influxes, the data at 85 mM K + having been performed in the 
presence of this drug. 
The complete absence of saturation and the striking voltage dependence of the 
CHC-resistant fluxes described here support the notion that these fluxes are indeed 
channel-mediated.  In Fig.  3,  the unidirectional S~Br-  and  nsI-  influx rates taken 
from Fig.  2, A  and B,  are  plotted,  after conversion to picomoles per square cen- 
timeter times seconds, against  Vm computed from Eq. 3.  If constant-field behavior 
(Goldman, 1943) prevails, electrodiffusive influxes should show the following depen- 
dence on  Vm: 
MX = Px"  V~  iX-]o 
R--'T  1 -  exp (- Vm F/RT)'  (4) 
where P  is the permeability coefficient and X- stands for Br- or I-. As can be seen 
in the figure, both the S2Br- and 125I- influx data (i.e., from 10 mM Br- or I-  media 
into Cl--depleted cells) fit the constant-field prediction well, with least-squares per- 
meability coefficients for Br-  and  I-  of 6.7  +  1.5 x  10 -9 and  1.0  _+  0.2  x  10 -s 
cm/s,  respectively. These values can be compared with  that of 5.1  +  0.2  x  10 -9 
cm/s  for Pa  (Simchowitz and  De Weer,  1986), which was obtained under similar 
conditions, giving a relative I:Br:CI permeability ratio of 2.0:1.3:1. 842  THE JOURNAL  OF GENERAL PHYSIOLOGY.  VOLUME  91  ￿9 1988 
Halide Selectivity of Anion Exchange 
Fig. 4  shows  the time course of SrCl- ef]]ux into media where all extracellular CI- 
(148 mM) was replaced with either Br-, F-, I-, or glucuronate. The media contained 
85  mM  K §  and  2  #M  nigericin (see below for explanation). All effluxes were  first 
order; the rates were calculated on the assumption of an initial [Cl-]i of 80 meq/liter 
cell water. While the rates of effiux into Cl- and Br- media were similar (1.56  _+ 0.14 
and  1.50  _+ 0.05  meq/liter.min), those into F- and I- media were somewhat lower 
(0.98  _+ 0.08 and 1.20  -+ 0.03 meq/liter.min). By comparison, the effiux ofSrc1 -  into 
148  mM  glucuronate  medium  (nominally  substrate  free)  was  much  smaller 
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FIGURE 3.  Replot  of  the  slopes 
from Fig. 2 against the corresponding 
membrane potentials computed from 
Eq.  3.  Upper  curve:  slopes  (least- 
squares value _+ SEM)  from  Fig.  2 B 
after  conversion  to  picomoles  per 
square centimeter times seconds, rep- 
resenting rates of ~sI- influx from a 
10 mM  I- medium into Cl--depleted 
cells kept at the indicated membrane 
potential. The curve is a least-squares 
fit of a constant-field equation (Eq. 4) 
to the variance-weighted data, with P~ 
as the sole adjustable parameter. The 
best value was Px =  1.0  _+ 0.2  x  10 -s 
cm/s.  Middle curve:  as  above,  with 
slopes  (least-squares  value _+ SEM) 
from  Fig. 2 A, representing rates of 
~Br-  influx  from  a  10  mM  Br- 
medium into Ci--depleted cells as a 
function of membrane potential. The 
best value was PBr =  6.7 -+ 1.5 x  10 -9 
cm/s. Lower curve: srCl- influx data 
taken from Simchowitz and De Weer 
(1986) adjusted to 10 mM CI- in the 
medium. The best value for Pcl was 
5.1  _+  0.2  ￿  10 -9 cm/s. 
(0.26  _+ 0.03 meq/liter, min): only slightly greater than that into 108 mM glucuronate 
medium  containing 40  mM  CHC  (rate,  0.22  -+ 0.02  meq/liter.min),  where  anion 
exchange is maximally suppressed. This effiux closely approximates the small residual 
CHC-resistant  flux that  can  be  attributed  to  the  passive leak of CI-  through  ion 
channels  at a  Vm of approximately -10  mV  (0.2 meq/liter.min; Simchowitz et al., 
1986). 
In preliminary studies, we determined that during exposure to 148 mM CI-, Br-, 
or I- in 5  mM  K + media, intraceUular pH  remained at its normal (Simchowitz and 
Roos, 1985) value of-7.25  (pile 7.40). However, high external concentrations of F- 
caused a gradual intracellular acidification of 0.2-0.3 units over 10-20 rain. This pH i L. SIMCHOWrrz  Anion Selectivity in Human Neutrophils  843 
transient is probably related to the generation of protons that accompanies the well- 
known respiratory burst in response to F- and follows a similar time course (Curnutte 
and Babior,  1975).  (Since hydrofluoric acid exhibits a  pK' of ~3 in aqueous media, 
the  rapid  influx of HF  via non-ionic  diffusion could  in  theory  contribute  to  the 
intracellular acidification that is seen in cells bathed in high-[F-]o media. In practice, 
this mechanism is unlikely in that it is incompatible with the kinetics of the observed 
pH i  transient: the acidification can only first be detected at ~7 min. This time course 
does not conform to expectations for entry of undissociated HF, which should be 
gradual, beginning immediately upon exposure to F-. Rather, the course of the intra- 
cellular acidification coincides  precisely with  the  delayed onset  of an  F--induced 
80  FIGURE 4.  Time course of 36CI- loss 
--  from normal-Cl- cells into media con- 
"  taining  148  mM  of various  anions. 
The lines represent least-squares fits 
--￿9 60  to  single  exponentials;  the  labels 
O 
"6  describe the conditions under which 
the efflux took place. Fluxes were cal- 
culated from the rate coefficients and 
|  the assumption that [Cl-]i = 80 meq/ 
40  I  liter cell water at zero time.  Results 
are from  three  to four experiments 
[]  Chloride  for  each  condition.  (o)  Effiux  into 
o  148  mM Ci- medium containing 85 
1_  mM K + and 2 ~M nigericin; rate, 1.56 
O  m  +  0.1 4  meq/liter, min.  (e, o)  Effiux 
,.  ~  Gl~:~:r~to + erie  into 148 mM Br-  medium containing 
either 5 mM K + (O) or 85 mM K + and 
-  2 t~M nigericin (.); rate for the com- 
20  ,  ,  J  ,  i  ,  bined  data,  1.50  +  0.05  meq/ 
0  20  40  60  liter.min. (A) Effiux into 148 mM I- 
Time |mini  medium containing 85 mM K + and 2 
#M nigericin; rate, 1.20 _+ 0.03 meq/liter.min. (ll) Effiux into 148 mM F- medium containing 
85  mM  K + and 2  #M nigericin; rate, 0.98  _+  0.08  meq/liter.min. (r  Effiux into  148  mM 
glucuronate medium containing 85  mM  K §  and  2  #M  nigericin; rate,  0.26  •  0.03  meq/ 
liter.min. (0) Efflux into 40 mM CHC plus 108 mM glucuronate medium containing 85 mM 
K + and 2 #M nigericin; rate, 0.22  _+ 0.02 meq/liter, min. 
respiratory burst in which protons are generated de nov0 along with reduced oxygen 
species such  as superoxide radicals.) In contrast,  resuspension of cells in  148  mM 
glucuronate in 5  mM  K + medium led to an intracellular alkalinization through  the 
following mechanism. As noted above, the exchange carrier appears to be devoid of 
affinity for glucuronate (Simchowitz et al.,  1986),  which can thus be considered an 
inert  replacement  anion.  On  the  other  hand,  the  affinity for  HCO~  is  high  (see 
below). For the purpose of this study (characterization of halide ion interactions with 
the anion-exchange carrier), the presence  of small quantities of HCO~-,  which are 
normally found in the media, represents a nuisance and is highly undesirable for the 
reasons outlined below. In fact, we were able to reduce the amount of HCO~  in the 
media  to  a  considerable  extent  by  routinely  gassing  the  solutions  with  N2 just 844  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  91  ￿9 1988 
before experimentation.  However, since  it is  technically very difficult  to rid solu- 
tions  completely  of  HCO~,  attempts  to  measure  a6Cl-  efflux  into  a  nominally 
"inert"  medium  such  as  glucuronate  resulted  in  internal  Cl-/external  HCO~ 
exchange and consequent intracellular alkalinization.  It also happens that the activ- 
ity of the anion exchanger is very sensitive to pH in this range:  transport rates are 
dramatically enhanced  by raising the  pH and  reduced  by lowering it.  Thus,  these 
pH  i changes  and  their secondary effects on  the  fluxes introduced  other variables 
and frustrated our attempts to control the experimental conditions.  So, in order to 
avoid these complications from even trace amounts of HCO~- (derived perhaps from 
cell metabolism), we took the added precaution of "pH-clamping" the neutrophils 
at  their  normal  pHi  of  7.25  using  a  high-K+/nigericin  technique  as  previously 
described  (Simchowitz  and  Roos,  1985;  Simchowitz  et  al.,  1986):  the  cells  were 
bathed in medium of pH  o 7.40 as before, but now containing 85 mM K § and 2 #M 
nigericin,  a  known  K+/H+-exchanging ionophore  (Pressman,  1969).  Under  these 
conditions,  [H+]J[H+]o ~- [K+].v/[K+]o. 
In earlier studies  (Simchowitz and De Weer,  1986;  Simchowitz et al.,  1986),  we 
showed that the presence of 85 mM K + (with consequent depolarization) and 2 ~M 
nigericin in the bathing media did not materially affect our observations since mem- 
brane potential has little if any effect on the flux through the anion exchanger. These 
findings are confirmed in Fig. 4, which shows that the rate of s~Cl- effiux into  148 
mM Br-  was indistinguishable under the two conditions,  i.e., at 5 mM K + or at 85 
mM K § plus 2 ~M nigericin. The slight reduction in the effiux rate into 85 mM K + 
(from 1.55 to 1.43 meq/liter.min) may be due in part to an approximately twofold 
reduction in the minor passive S6Cl- effiux component caused by the depolarization 
from approximately -  53 mV to approximately -  10 mV as [K+]o was raised from 5 to 
85 mM. 
In Fig.  5 A,  the initial  rate of s~CI- effiux has been plotted as a  function of the 
concentration  of external  Br-,  F-,  or  I-  replacing glucuronate.  For  each  anion, 
substrate saturation was clearly evident. Increasing concentrations of Br-, I-, or F- 
stimulated  the  rate  of  s6Cl-  effiux  along  Michaelis-Menten  activation  curves, 
although the affinities differed considerably: the Km values for Br-, F-, and I- were 
8.6  _+  1.8,  22.9  +  2.7,  and 47.0  _+  7.3  mM, respectively. Since these studies were 
performed in glucuronate, an inert anion substitute,  these kinetic constants can be 
taken as estimates of the true Michaelis constants for Br-, F-, and I-. 
Substrate competition is shown in Fig. 5 B. Since PAH also serves as a substrate for 
the exchange carrier (Kin ~  50 mM; Simchowitz et al., 1986), it should compete with 
Br-, F-, and I- for the same external transport sites and cause a decrease in appar- 
ent affinity for each of the halide ions. This expectation is verified by the data of Fig. 
5 B, where  the  initial  rate  of S6Cl-  effiux is  plotted  as  a  function  of the  external 
concentrations of Br- or F- replacing PAH. There is substrate saturation as in Fig. 
5 A, and the endpoints at 140 mM Br- and F- in B are similar to those in A. However, 
the  apparent  Km's  for  Br-  and  F-  are  considerably  higher  in  PAH  medium 
(37.2  __+ 19.8  and  98.5  +--58.6  mM,  respectively)  than  in  glucuronate  medium 
(8.6 +  1.8 and 22.9  -+ 2.7). These results parallel earlier observations (Simchowitz et 
al.,  1986)  that CI- acts with affinities of 22.1  vs. 5.0  mM, respectively, in PAH vs. 
glucuronate media. Since I- and PAH have comparable true Km's (-40-50 mM), it is 
impossible to measure an apparent Kin(I-) in PAH medium. L. SIMCHOWITZ  Anion Selectivity  in Human Neutrophils  845 
Competitive inhibition by CHC, a  known inhibitor of anion exchange (Halestrap 
and Denton, 1975; Halestrap, 1976), is illustrated in Fig. 6. Our group (Simchowitz 
et al.,  1986)  has  previously reported  a  "true"  Ki for CHC  of ~0.29  mM.  In the 
presence of constant concentrations of extracellular substrate  (100  raM; balance, 
glucuronate), CHC  reduced  the  rate  of 3~C1- effiux along Michaelis-Menten inhi- 
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Stimulation of s6Cl- efflux from normal-Cl- human neutrophils as a function of 
the extracellular concentrations of either Br-, F-, or I-, replacing glucuronate or PAH. The 
bathing media contained 85 mM K  + and 2 #M nigericin, pH 7.40. Fluxes (n = 3 or 4) were 
calculated as in Fig. 4. (.4) Media in which Br-, F-, or I- replaced gtucuronate. The curves 
fitted to the data represent Michaelis-Menten  activation equations superimposed on a constant 
background flux of 0.22 meq/liter, min, representing  electrodiffusive 3sCl- emux at -  10 mV. 
The parameters of the Michaelis-Menten  equations are as follows: for Br- medium, K= = 8.6 -+ 
1.8 mM and V=~ = 1.28 _+ 0.07 meq/liter.min;  for I- medium, K  m  = 47.0 +_ 7.3 mM and V,~ = 
1.39  _+  0.09 meq/liter.min; for F- medium, K= =  22.9  _+  2.7 mM and V=~ =  1.11  + 0.04 
meq/liter.min. (B) Media in which Br- or F- replaced PAH. The curves fitted to the data 
represent Michaelis-Menten  activation equations superimposed on background fluxes into 148 
mM PAH medium of 0.57 -+ 0.05 and 0.65 -+ 0.03 meq/liter, min (Br- and F- curves, respec- 
tively). The equations describing  the curves are as follows: for Br- medium, flux = 0.89 [Br-]o/ 
(37.2 +  [Br-]o)  +  0.57; for F-  medium, flux =  0.78 [F-]o/(98.5 +  [F-]o)  +  0.65. The Mi- 
chaelis-Menten parameters are as follows: apparent Km(Br-) = 37.2 -+ 19.8 mM and apparent 
K,~(F-) =  98.5 _+ 58.6 mM. 
bition curves, with apparent K i values of 2.60  _+ 0.44, 1.57  +  0.42, and 1.16  +  0.41 
mM in Br-, F-, and I-  media, respectively, as expected from the order of decreasing 
affinities: Br- >  F- >  I- (Fig. 5 A). 
Substrate competition for the external carrier site is further shown in Fig.  7 A, 
where  the  ability of the  other  halide ions to  compete with 36C1- was  tested.  The 
experiments were  conducted in glucuronate medium and the  figure displays the 846  THE JOURNAL OF GENERAL PHYSIOLOGY.  VOLUME 91  ￿9 1988 
effect of increasing concentrations (0-140  mM) of Br-, F-, or I- on the initial rate 
of  ssCl-  influx  from  a  5  mM  CI-  medium.  Inhibition  of  ssCl-  influx  followed 
Michael-Menten  kinetics, with apparent Ki values of 23.0  -+  4.6,  49.9  _+  6.8,  and 
94.8  _+ 21.2 mM for Br-, F-, and I-, respectively. In the presence of two competing 
substrates,  $1  and  S~  (instead,  one  may be  a  competitive  inhibitor),  the  apparent 
affinity constant is related to the true kinetic constant as given by the expression: 
[  E ,lo  ]  K~P(SI)  = Ktr~e(S~)  ￿9  1 +  Kt,~e(S~)].  (5) 
Since, for the experiments presented in Fig. 7 A, external CI- was present at a con- 
centration equal to its true K m (5.0 mM; Simchowitz et al., 1986),  the apparent con- 
stants for Br-, F-, and I- should be about twice the true Km values found in Fig. 5 A. 
This was indeed the case. 
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FIGURE 6.  Inhibition  by  CHC  of 
~C1-  efflux from normal-Cl- neutro- 
phils into Br-, F-, or I- medium. The 
major  external  anion  concentration 
was  kept  constant  at  100  mM  as 
[CHC]o was raised from 0  to 40 mM 
(balance,  glucuronate).  The  media 
contained 85 mM K + and 2 tzM niger- 
icin.  The  curves  (n = 3  or  4)  are 
Michaelis-Menten  inhibition  equa- 
tions  superimposed  on  a  constant 
background  flux  of  0.22  meq/ 
liter.rain,  representing  electrodiffu- 
sive  ~C1-  efflux  at  -10  inV.  The 
equations  yielded the  following con- 
stants  (fluxes  are  in  milliequivalents 
per liter times minutes): for Br- medi- 
um, flux =  3.56/(2.60  +  [CHC]o)  + 
0.22;  for  F-  medium,  flux  ~  1.32/ 
(1.57  +  [CHC],)  +  0.22;  for  I- 
medium,  flux  =  1.13/(1.16  + 
[CHC],)  +  0.22. The apparent K i val- 
ues for CHC were 2.60  -+ 0.44,  1.57 
+_  0.42, and  1.16  +  0.41  mM in  100 
mM Br-, F-, and I- medium, respec- 
tively. 
The ability of non-halide anions to compete with CI- for binding to the exchanger 
was also investigated (Fig. 7 B). HCO~,  NO~, and SCN- inhibited the initial rate of 
ssCl- influx from 5  mM CI- media with apparent Ki's of 8.3  _+  1.8,  16.8  _+  2.5, and 
111  _+ 36 mM (or, from Eq. 5, true Km's of 4.1, 8.4, and 55.6 mM), respectively. We 
also found (data not shown) the initial rate of SSCl-  efflux into 20 mM HCOs-  and 
140 mM NO~  (balance, glucuronate) to be 1.39  +  0.09 and 1.48  _+ 0.12 meq/liter. 
min (n =  3), similar to that into 140 mM Cl- medium. The ~CI- efflux rate into 140 
mM SCN- was slightly lower: 1.24  _+ 0.11  meq/liter.min (n =  3). These results imply L. S1MCHOWrrz  Anion Selectivity in Human Neutrophils  847 
that external HCO~, NO~, and SCN- are also transported inward via the carrier in 
exchange  for internal  CI-.  On  the contrary,  the divalent  anion  SOl-  at external 
concentrations of 0-95 mM had no effect at all on the rate of S6c]- influx from 5 
mM C1- media (Fig. 7 B). A similar lack of effect was observed with oxalate (data not 
shown). These data strongly suggest that the anion-exchange system of human neu- 
trophils possesses little if any affinity for SO~-, unlike the situation in human eryth- 
rocytes, where CI-  and SO~-  bind  to the  inorganic  anion exchanger with closely 
similar Km'S (Schnell et al., 1977; Gunn, 1978; Barzilay and Cabantchik,  1979; Milan- 
ick and Gunn,  1984). 
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FIGURE 7.  Effect of different anions on the initial rate of S6CI- influx into normal-C1- neu- 
trophils from 5 mM CI- medium. The media contained 85 mM K + and 2 pM nigericin and 1 
mM 2-DOG to block active transport; the concentrations  of the other seven anions tested (Br-, 
I-, F-, HCO~, NO~, SCN-, and SO~-) were varied between 0 and 140 mM by replacement 
with glucuronate. The influx of 36C1- was measured at 5 and 10 rain and the initial influx rates 
were calculated from Eq.  1. The curves follow Michaelis-Menten inhibition equations super- 
imposed on a constant background of 0.0073 meq/liter,  min, representing passive a6Cl- influx 
at 5 mM Ci-. (A) Data for Br-, I-, and F- (n = 4 for each). The apparent Ki's for Br-, F-, and 
I- are 23.0 -+ 4.6, 49.9 •  6.8, and 94.8 + 21.2 mM, respectively. (B) Data for HCO~, NO~, 
SCN-, and SOl- (n = 3 or 4). The apparent Ki's for HCO~, NO~, and SCN- are 8.3  -+  1.8, 
16.8 •  2.5 and 111  +_ 36 mM, respectively. The data points for SOl- were fitted to a straight 
line with slope 0.00024 •  0.00046. 
The foregoing results indicate that (a) Br-, F-, and I- bind to an external site on 
the anion exchanger and are presumably carried inward, (b) these halide ions behave 
as substrates that compete with C1- and PAH for binding to the carrier, and (c) CHC 
competitively inhibits these interactions. The next series of experiments using S~Br- 
and ~5I-  demonstrate directly that these ions are indeed transported inward via a 
1:1  countertransport for internal C1-. 
Fig. 8, A and B, displays the time courses of S2Br- and 1~5I- influx into normal-Cl- 848  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY.  VOLUME  91  ￿9 1988 
cells from 148 mM Br- and I- media. Both influxes could be fitted to single expo- 
nentials, with influx rates of 1.45 + 0.10 and 1.33 + 0.07 meq/liter, min, respectively, 
comparable to the rates of S6Cl- effiux into 148 mM Br- or I- (1.50 and 1.20 mecL/ 
liter, min; Fig. 4).  These influxes were markedly inhibited by 40  mM CHC,  which 
blocks both anion exchange and active transport (Simchowitz and De Weer,  1986; 
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FIGURE 8.  (A) Time course of S2Br- influx into normal-Ci- neutrophils from 148 mM Br- 
medium. Upper curve: influx measurements carried out using the same procedure as for CI-. 
The data were fitted to a  single exponential (initial rate,  1.45 +- 0.10  meq/liter.min) con- 
strained to a final uptake of 80.0 meq/liter cell water, the normal internal Cl- level (when 
maximal uptake was treated as a least-squares adjustable parameter, a value of 66.7  _+  21.8 
meq/liter cell water was obtained). Middle curve: 82Br- influx from 148 mM Br- medium in 
the presence of 1 mM of either 2-DOG or furosemide. The curve is a single-exponential  fit to 
the combined data, with an initial rate of 1.22 -+ 0.04 meq/liter.min. Lower curve: influx of 
S2Br- from a 108 mM Br- medium, in the presence of 40 mM CHC. The slope of the straight 
line (corrected to 148 mM Br- to compensate for dilution by CHC) was 0.22  _+  0.02 meq/ 
iiter.min. Results are from three to five experiments. (B) Time course of ~2sI- influx from 
I- medium. Upper curve: influx from 148 mM I- medium. The data were fitted to a single 
exponential as in A (initial rate, 1.33 _+ 0.07 meq/liter.min). Middle curve: influx in the pres- 
ence of 1 mM 2-DOG. Single exponential with initial rate 1.15 -+ 0.08 meq/liter.min. Lower 
curve: see A. The slope of the straight line (corrected to 148 mM I-) was 0.24  _+ 0.02 meq/ 
liter, rain. Results are from three to four experiments. 
Simchowitz et al., 1986). The influxes of S2Br- and a~sI- measured in the presence of 
40 mM CHC (0.22 + 0.02 and 0.24 _+ 0.02 meq/liter.min) were slightly larger than 
the CHC-insensitive influxes (0.12 and 0.19 meq/liter.min) into Cl--depleted cells 
(from Fig. 1, but adjusted to an external anion concentration  of 148 mM), which were 
nonsaturable and  probably represent  passive  electrodiffusive influx as  discussed 
above.  These  small differences can be  satisfactorily attributed to  residual carrier- L. SIMCHOWITZ  Anion Selectivity in Human Neutrophils  849 
mediated anion exchange in normal-Cl- cells at 40 mM CHC.  In the presence of 1 
mM of either 2-DOG or furosemide, inhibitors of active C1- transport (Simchowitz 
and De Weer, 1986), the initial rate ofS~Br  -  influx decreased by ~15% to 1.22  -+ 0.04 
meq/liter, min (Fig. 8 A). The reduction of S~Br- influx by the two drugs, 0.23 meq/ 
liter, min, is similar to the reported magnitude (~0.25  meq/liter, min) of the active 
transport component  of ~C1- influx (Simchowitz and De Weer,  1986).  2-DOG also 
lowered the initial rate of l~sI- influx by 0.18  meq/liter, min (Fig. 8 B). 
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FIGURE 9.  Rate of S~Br- influx into normai-Cl- neutrophils as a function of the extracellular 
Br- concentration, where Br- replaced either glucuronate (A) or PAH (B). After a  10-min 
pretreatment with 1 mM 2-DOG (to block active transport), the cells were exposed to solutions 
containing 1 mM 2-DOG and various concentrations of labeled Br- (2 #Ci/ml) and influxes 
were measured as in Fig. 8. Results are from four to six experiments. (A) Media containing 85 
mM K § and 2 #M nigericin, where Br- replaced glucuronate. The curve drawn through the 
data ("total") is the sum of the other two curves shown. The line labeled "'leak" is the CHC- 
resistant, presumably passive, linear component taken from Fig. 1 and corrected to -  10 mV; 
its equation  is: influx =  0.0021  mM  [Br-]o. The curve labeled "exchange"  is a  Michaelis- 
Menten equation fitted to the data from which the leak component had been subtracted, with 
K,(Br-) = 6.2 •  0.6 mM and V~  =  1.19  •  0.10 meq/liter.min. (B) Media containing 85 mM 
K + and 2 #M nigericin, where Br- replaced PAH. See above. The line labeled "leak" is as in 
A. The parameters of the Michaelis-Menten equation describing the "exchange" curve are: 
apparent K,,(Br-) =  31.4  •  8.2 mM and V~  =  1.34  •  0.13 meq/liter.min. 
In Figs. 9  and  10,  the initial S~Br- and  ]~sI-  influx rates are plotted against the 
external  concentrations  of these  ions  replacing either  glucuronate  or  PAH.  The 
experiments were performed in the presence of 1 mM 2-DOG to block active trans- 
port. All three panels show substrate saturation. Br- stimulates its own influx with a 
K m of 6.2  _+ 0.6 mM when replacing glucuronate (Fig. 9 A), and with an apparent K m 
of 31.4  +_  8.2 mM when replacing PAH (Fig. 9 B). This is as expected since, in the 850  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  91  ￿9  1988 
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FIGURE 10.  Rate of l~sI- influx into 
normal-Cl- neutrophils as a function 
of the extracellular I-  concentration. 
See legend to Fig. 9 A. The cells had 
been  pretreated with  1 mM  2-DOG 
and experiments were performed in 
media containing 1 mM  2-DOG,  85 
mM K +, and 2 ~M nigericin, where I- 
replaced  glucuronate.  The  curve 
drawn  through  the  data  ("total")  is 
the  sum  of  the  other  two  curves 
shown.  The  line  labeled "leak"  has 
been taken from Fig. 1 and corrected 
to  -10  mV; its equation is: influx = 
0.0034 mM  [I-]o. The parameters of 
the  Michaelis-Menten  equation 
describing the "exchange" curve are 
Kin(I-) =  55.4 +- 16.8 mM and V~  = 
1.26  -+ 0.17 meofliter.min (n = 4). 
latter case, external PAH and Br- compete for the same sites on the anion exchanger. 
These constants are similar to the true and apparent dissociation constants for Br- 
activation of 36C1-  effiux into glucuronate (8.6  -+ 1.8 mM; Fig. 5 A) and PAH media 
(37.2  +  19.8  mM;  Fig. 5 B). Uptake of l~sI- also follows a  Michaelis-Menten curve, 
with a K,, of 55.4  +  16.8 mM in glucuronate, similar to the Km value (47.0  +  7.3 mM) 
for I- stimulation of s6Cl- effiux into glucuronate medium (Fig. 5 A). As mentioned 
earlier, an apparent Kin(I-) cannot be measured in PAH medium since Km(PAH) is 
similar (-50  mM) to that for I-. 
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FIGURE 11.  Effect  of  external  CI- 
on the initial rate of a~Br- influx into 
normal-Cl- neutrophils from 20 mM 
Br- medium. The media contained 85 
mM K + and 2 ,M nigericin and 1 mM 
2-DOG to block active transport. C1- 
replaced  glucuronate.  The  influx 
rates (n = 4) were calculated as in Fig. 
8.  The  curve  is a  Michaelis-Menten 
inhibition  equation  (apparent  Ki, 
13.5 -+ 4.6  mM)  superimposed on  a 
background  influx  rate  of  0.042 
meofliter.min,  representing  passive 
S~Br- influx at a  Vm of approximately 
-10  mV. L. SIMCHOWrrz  Anion Selectivity in Human Neutrophils  851 
It was shown above (Fig.  7 A) that 360- influx is competitively inhibited by external 
Br-. The converse also holds true (Fig.  11): influx of S~Br  -  from 20 mM Br-  medium 
(balance, glucuronate) is inhibited by external CI- with an apparent Ki of 13.5 -+ 4.6 
mM, as expected from Eq.  5, if K~e(CI  -)  =  5.0 mM (Simchowitz et al.,  1986) and 
K~,r'(Br  -)  =  8.6 mM (Fig.  5 A). 
The influxes of S~Br- and ~sI-, which presumably reflect transport via the anion 
exchanger, should be inhibited by CHC. This point has already been documented 
for 40  mM  CHC  (Fig.  8, A  and B).  The dose dependence of CHC inhibition  of 
S~Br-  and  t2sI-  influx  (from  100  mM  media)  is  plotted  in  Fig.  12.  Taking  into 
account the CHC-insensitive background influxes of S~Br- and 1~5I- (0.21  and 0.34 
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FIGURE 12.  Inhibition  by  CHC  of 
S2Br- and ~5I- influx into normal-Cl- 
human  neutrophils.  Experiments 
were performed in the presence of 1 
mM 2-DOG to block active transport. 
Cells were exposed to 100 mM Br- or 
I- media labeled  with S2Br- (2 uCi/ 
ml) or 12sI- (3 ,Ci/ml). The concen- 
tration of CHC was varied between 0 
and 40 mM (balance, glucuronate) in 
the presence of 85 mM K  + and 2 #M 
nigericin.  Influxes  (n  =  4  for each) 
were measured as in Fig. 8 and calcu- 
lated from Eq. 1. The curves are least- 
squares  fits  to  Michaelis-Menten 
inhibition  equations  superimposed 
on a constant, CHC-insensitive  back- 
ground  representing  the  leak, pre- 
sumably  passive, component  taken 
from Fig. 1 after adjustment to -10 
mV.  These leak  fluxes,  at  an  anion 
concentration of 100 mM, were 0.21 
and 0.34 meq/liter, min for Br- and I-, respectively. The equations describing the curves are: 
for Br- medium,  flux (in milliequivalents per liter times minutes)  -  4.05/(3.43 +  [CHC]o) + 
0.21; for I- medium,  flux = 0.85/(0.94 +  [CHC]o) +  0.34. The apparent Ki values for CHC 
were 3.43 +_ 0.82 and 0.94 _+ 0.27 mM in 100 mM Br- and I- medium, respectively. 
meq/liter, min, respectively; Figs.  1 and 3), the graphs show Michaelis-Menten inhi- 
bition curves with apparent Ki's for CHC of 3.43  _+  0.82  and 0.94  +  0.27  mM in 
Br- and I- media,  respectively, comparable to those for inhibition of SSCl-  eftlux 
into 100 mM Br- or I- (2.60 +_ 0.44 and 1.16 _+ 0.41  raM, respectively; Fig 6). 
We have previously concluded that when normal-Cl- cells are placed in 148 mM 
CI- or PAH- medium, the anion exchanger engages in  1:1  CI-/CI- or CI-/PAH- 
countertransport: the ratio of CHC-sensitive ssCl- or [sH]PAH influx to ssCl- eftlux 
was close to unity (Simchowitz et al.,  1986). Fig.  13 illustrates the same relationship 
between S~Br- or l*sI- influx on the one hand and ~CI- efflux on the other. The data 
were taken from Figs. 5, 6, 9, 10, and 12 after appropriate subtractions of the passive 
leak fluxes. The line of identity is shown for comparison. The slopes of the lines (not 852  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  91  ￿9  1988 
shown), representing the average carrier-mediated S~Br- or lasI-  influx/S6Cl- efflux 
ratios, are 0.97  _+  0.03 and 0.92  +  0.03 for the Br- and I- data, respectively. 
Selectivity of Active  Transport 
Fig.  8  suggests that  1 mM  2-DOG or furosemide reduces the initial  rate of S~Br- 
and 12sI- influx from 148 mM media by 0.23 and 0.18 meq/liter.min, respectively. 
These  flux magnitudes are similar to the value of ~0.25  (range,  0.20-0.27)  meg/ 
liter.min  for the component of ~Cl- influx (~20% of total) that behaves as active 
transport (Simchowitz and De Weer,  1986). Thus,  it would appear that this active 
transport system also possesses affinity for Br- and I-. This question is addressed in 
Fig. 14, which shows the ability of the other halide anions to inhibit 2-DOG-sensitive 
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FIGURE 13.  Plot  of  2-DOG-resis- 
tant,  CHC-sensitive  aZBr- or  1251- 
influx  against  anion-stimulated  560- 
effiux,  at  various  extracellular  Br-, 
I-, or CHC concentrations. The data 
for a2Br- influx  and  36C1- effiux  in 
glucuronate (e, O) or PAH (m) media 
were taken from Figs. 5, 6, 9, and 12; 
those for 125I- influx and s6Cl- effiux 
in  glucuronate  media  (A,  ix)  were 
taken from Figs. 5 A, 6, 10, and 12. In 
order to derive  information for only 
the  exchange  fluxes,  all  data  were 
adjusted by subtracting the appropri- 
ate small passive leak fluxes. In addi- 
tion, for the data on ssCl- effiux as a 
function  of external  Br-  replacing 
0  0.4  0.8  1.2 
3eCl- Efflux  (meq/liter.min) 
PAH (Fig. 5 B), corrections were also 
applied  for the amount of CI-/PAH- exchange.  The filled symbols refer to results  on the 
external  Br- or I- dependence of S~Br- or 125I- influx or of 360- efflux. The open symbols 
denote experiments performed in the presence of varying concentrations of CHC. The line of 
identity,  where the average  influx/efflux  ratio  =  1.0, is shown for comparison.  The least- 
squares  slopes of the proportionality lines (not shown) fitted through the points were 0.97 _+ 
0.03 for the Br- data and 0.92  +- 0.03 for the I- data. 
36C1- influx, which we have operationally defined as the active transport component 
(Simchowitz and De Weer,  1986).  For these experiments, the external CI- concen- 
tration was 5  mM,  and the balance was PAH. The initial  rate of 2-DOG-sensitive 
s6Cl-  influx was inhibited with Michaelis-Menten kinetics: the apparent Ki's for Br-, 
I-, and F- were 14.2 + 2.9, 36.7 + 9.6, and 83.6 + 20.1 mM, respectively. Since these 
studies were conducted at a  [Cl-]o of 5 mM, roughly equal to its Km (4.8 _+  1.2 raM; 
Simchowitz and De Weer, 1986), these values correspond to true Km's (Eq. 5) of 7.0, 
18.0,  and  40.9  raM,  respectively, assuming that  this  active  transport system lacks 
affinity for PAH. 
We also directly determined the [Br-]o and [I-]o dependence of this active uptake 
component.  In  Fig.  15,  the differences in  the  initial  influx rates  of S~Br- or ~sI- 
into C1--depleted cells,  in  the presence and absence of 1 mM  2-DOG, have been L. SIMCHOWrrz  Anion Selectivity in Human Neutrophils 
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FIGURE  14.  Active  (2-DOG-sensi- 
tive) SSc1- influx from 5 mM CI- into 
Cl--depleted cells: effect of other ha- 
lide  anions.  The  concentrations  of 
Br-,  I-, and F- were varied between 
0 and  140  mM by replacement  with 
PAH.  Data represent the differences 
in influx rates, at each concentration 
of  Br-,  I-,  or  F-,  between  cells 
treated  with  and  without  1  mM  2- 
DOG (n =  3  for each).  Least-squares 
fits of the data  to  Michaelis-Menten 
inhibition equations yielded apparent 
Ki's of  14.2  _+  2.9,  36.7  _+  9.6,  and 
83.6  +_ 20.1  mM for Br-, I-, and F-, 
respectively. 
plotted  against  the  external  concentrations  of  Br-  or  I-  (0.3-80  mM;  balance, 
PAH).  Least-squares  fits yield Michaelis-Menten activation curves with the following 
parameters:  for Br-, K m =  8.2  +  3.2 mM and  V~,  =  0.21  -+ 0.03  meq/liter.min;  for 
I-, Km=  13.2  _+  5.2  mM  and  Vm=, =  0.17  +  0.02  meq/liter.min. 
0.20i 
E 
g o.18 
E 
X 
t- 
--  0.12 
L 
,,,  0.08 
g 
E o.o4 
? 
o  a 
& 
,  ,  ,i,iii  i  1  i  Ii1111 
Iodide 
1  10  100 
External  Anion  Concentration  (mM) 
FIGURE  15.  2-DOG-sensitive  S2Br- 
or ~2sI- influx into Cl--depleted cells 
as a  function of [Br-]o or  [I-]o. The 
cells were depleted of internal CI- by 
a 5-h exposure to PAH medium. They 
were  then  incubated  in  media  with 
various labeled Br- or I- concentra- 
tions (0.3-80  mM; balance,  PAH) in 
the presence or absence of 1 mM 2- 
DOG.  The  influx  rates  (n  =  6  for 
each)  of 8~Br-  and  I~I-  were  mea- 
sured  as  in  Fig.  8.  The  data  points 
represent paired differences between 
the a~Br-  or ]~5I-  influxes measured 
with  and  without  2-DOG  in  the 
medium.  The  least-squares  parame- 
ters  of the  Michaelis-Menten  curves 
are:  for  Br-,  Km  =  8.2  _+  3.2  mM 
and  V~  =  0.205  _+  0.030  meq/ 
liter, min; for I-, Km =  13.2 +_ 5.2 mM 
and  V~  =  0.168  _+  0.022  meq/ 
liter, min. 854  THE  JOURNAL OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  91  ￿9 1988 
DISCUSSION 
Selectivity of Anion Exchange 
We investigated the extent to which halides other than CI- are handled by the anion- 
exchange carrier of human neutrophils. This involved several methods, as follows: (a) 
substrate competition: in the presence of another substrate such as C1- or PAH, the 
apparent K= for Br-, F-, or I- depends on the nature of the substituted anion (i.e., 
the apparent K= rises in the presence of competing substrates of increasing affinity); 
(b) specific inhibition:  the apparent Ki for the competitive inhibitor CHC similarly 
depends on the nature of the replacement anion;  (c) trans effects: Br-,  F-, and I- 
stimulate the countereffiux of CI-; and (d) the uptake rate of labeled substrate as a 
function of its external concentration. 
These substrate and inhibitor interactions in normal-Cl- cells can be accounted for 
by a single-site equilibrium carrier model. This model, based on competition kinetics, 
has been described in detail in one of our previous reports on anion exchange (Sim- 
chowitz et al.,  1986). Thus, only a brief quantitative description of its application to 
the present studies is provided below. Since the Michaelis-Menten constants for the 
17  kinetic  curves in  Figs.  5,  6,  7A,  and  9-12  should  all be  functions  of six true 
constants [Km(CI-), K=(Br-), K=(I-), KIn(F-), K=(PAH), and Ki(CHC)] in various alge- 
braic combinations, we modified the program (designed and kindly provided by Dr. 
Paul De Weer) used in our original report (Simchowitz et al., 1986) to obtain separate 
programs for Br-, I-, and F- in order to least-squares fit a unique K= value to all the 
data derived with that anion simultaneously. In these analyses, K=(CI), K=(PAH), and 
KI(CHC) were taken as 5.0,  50.3, and 0.29  raM, respectively, the values previously 
computed using a more complicated version of this program. Table I lists the refined 
values for "true"  K~,(Br-), KIn(F-), and K=(I-), as well as the appropriate derived 
(apparent)  constants.  Considering  the  external  concentration  ranges available for 
experimentation and the frequency with which each parameter appeared in the var- 
ious equations,  reasonable accuracy can be claimed for all three values. 
From these numbers, all other apparent K m and K i values with respect to the anion 
exchanger in this article can be derived as described above. In addition,  for conve- 
nience, the true K~ values for the other lyotropic anions HCO~, NO~, and SCN- are 
also given in Table I. These values were calculated from Eq. 5 on the assumption that 
true K=(CI-) =  5.0 mM (Simchowitz et al.,  1986). 
Several points should be made clear concerning the physical meaning of the con- 
stants listed in Table I. At present, there is insufficient information available to even 
attempt to formulate a descriptive model of anion exchange in neutrophils. However, 
on the not-unreasonable assumption that the mechanism follows ping-pong kinetics 
with obligatory exchange, as in red cells (for reviews, see Gunn and FrShlich,  1979; 
FrShlich and Gunn,  1986), it is important to emphasize some of the implications of 
such a scheme and the theoretical limitations imposed on the analysis of these mea- 
sured parameters. 
Following the mathematical analysis of Fr6hlich and Gunn (1986), it appears that 
Eq. 5 is a good approximation for competition among substrates, but it is not exact 
except for the case where S~ (i.e., anions other the CI-) is not transported. Where Sx is 
transported at a rate similar to that for S  2 (i.e., C1-), as in the present studies, then S1 
contributes  to shifts in the steady state distribution  of the various conformational L. SIMCHOWITZ  Anion  Selectivity in Human Neutrophils  855 
states  of  the  transporter  (e.g.,  recruitment  between  inward-  and  outward-facing 
states),  which  in  turn  affects  the  different  K m values,  including  the  true  Km(S~).  In 
essence,  $1  influences  the  apparent  Km(S~)  in a  way that  depends  on  the trans con- 
centration of S~ (i.e.,  [Cl-]i), the effect of $1 being greatest at low [Cl-]i. Fortunately, 
these considerations have relatively little effect on this study since the apparent Km(S~) 
increases to the same saturating value (i.e., the Michaelis constant,  the concentration 
of the anion on the c/s side of the membrane  that causes half the maximal flux, is a 
TABLE  I 
Kinetic Constants  for the External Binding Sites of 
the Anion-Exchange Carrier of Human Neutrophils 
Ligand  True 
Michaelis constants 
Apparent 
Condition  Value 
mM 
CI-  5.0 + 0.8 
Br-  9.4 •  1.0" 
F-  23.2 •  2.91 
I-  44.2 •  7.51 
HCOi  4.1  •  0.9** 
NOi  8.4 •  1.3"* 
SCN-  55.6 •  18.2"* 
PAH  50.3 •  14.9 
CHC  0.29 •  0.09 
mM  mM 
Replacing PAH  45.7 + 5.9: 
5  CI-  18.8  +  2.0 t 
Replacing PAH  171 •  40: 
5  CI-  46.4  •  5.8 ~ 
5  CI-  88.4 •  15.1  ! 
5 C1-  8.3 •  1.8"* 
5  Cl-  16.8 +  2.5** 
5C1-  111  • 
100 Br-  3.4 +  0.3:: 
100 F-  1.5 •  0.2:: 
100 I-  1.0 •  0.1:: 
True and apparent kinetic constants derived by least-squares fitting the single-site compe- 
tition kinetics carrier model described in the text to all the data derived with each halide ion 
in Figs. 5, 6, 7 A, 9, 10, 11, and 12 simultaneously. For convenience, comparable data for 
other lyotropic anions that were obtained from Fig. 7 B have also been listed. The model is 
based on the fact that giucuronate  has negligible affinity for the anion-exchange carrier. 
The true Michaelis constants for CI-, PAH, and CHC were taken as those values previously 
reported (Simchowitz et al., 1986): 5.0, 50.3, and 0.29 mM, respectively. 
*Fig. 5, 6, 7A, 9, 11, and 12. 
tFigs. 5 B and 9 B. 
IFig. 7 A. 
IFigs. 5, 6, and 7 A. 
IFigs. 5A, 6, 7A, 10, and 12. 
**Fig. 7 B. 
::Figs. 6 and 12. 
hyperbolic function of the trans concentration  of the substrate)  independently  of the 
transport  rate of S1.  In the experiments  reported  here, because  the carrier is nearly 
(~80%)  saturated by internal CI- at the resting [Cl-]i of 80 meq/liter cell water, Eq. 5 
probably  constitutes  a  good  approximation  and  the  quantitative  comparisons  are 
therefore  valid. 
As alluded to above and addressed  more  fully by Fr6hlich and Gunn  (1986),  even 
the  derived  "true"  K m values,  the  half-saturation  constants  for  activation  of anion 856  THE  JOURNAL OF  GENERAL  PHYSIOLOGY- VOLUME  91  ￿9 1988 
transport, do not necessarily represent equilibrium dissociation constants for binding 
of these substrates  to the external translocation site of the carrier.  In reality, the 
Michaelis constants  for flux activation depend on a  number of additional  factors, 
including the trans concentration of substrates, binding and/or translocation asym- 
metries, and whether the ion-binding step or translocation is rate-limiting. Thus, the 
Michaelis constants obtained experimentally are not real constants, but rather com- 
plex functions of other kinetic parameters. 
The topic of anion selectivity in physical and biological systems has been the subject 
of several  extensive reviews  (Diamond  and  Wright,  1969;  Wright  and  Diamond, 
1977). In 1961, Eisenman put forth a unifying theory to explain the occurrence of 
only 11 of the 120 possible sequences of alkali metal selectivity (Eisenman, 1961). On 
the  basis  of biophysical principles,  he postulated  that  differences in  anionic  field 
strength in the membrane determine which sequence is preferred in a given system. 
Since the original report, the selectivities for the halide series (Diamond and Wright, 
1969; Wright and Diamond, 1977) have also been calculated according to this theory 
and related to the sequences observed in nature (7 out of a possible 24). 
The human neutrophil anion exchanger, which functions physiologically as a C1-/ 
HCO~- exchanger in the regulation of intracellular pH from alkaline loads (Simcho- 
witz and Roos, 1985), binds anions in a series of decreasing affinities HCO~- -  C1- > 
Br- -  NO~ >  F- >  I- -  SCN-, which corresponds to sequence 5 for the halides. This 
is reminiscent of the sequence (NO~  >  CI- -  Br- >  SCN-  -  I- >  F-) reported by 
Aicken and Brading (1985) for the C1-/HCO~- exchanger of smooth muscle cells of 
guinea pig vas deferens. 
In the most well-studied system, the ability of the inorganic anion-exchange (C1-/ 
HCO~) mechanism of red blood cells to handle other anions has come under intense 
scrutiny (for reviews, see Sachs et al.,  1975; Gunn,  1979; Knauf,  1979;  Lowe and 
Lambert,  1983). Several points comparing the human erythrocyte system to that of 
human neutrophils bear emphasis since important distinctions between the two are 
evident.  In  regard  to  affinities,  Dalmark  (1976),  measuring  self-exchange fluxes, 
reported  that  affinities decreased  in  the  order  I-  >  HCO~  >  Br-  >  C1-  >  F- 
(sequence 1), whereas Lambert and Lowe (1978), measuring changes in extracellular 
pH resulting from CI-/HCO~ exchange, observed the order HCO~ >  CI- >  Br- > 
F- (sequence 4 or 5; the exact position of I- was uncertain, although its affinity was 
less than those of CI- or Br-). In addition, Gunn and Frrhlich (1979) have reported 
comparable affinities for CI- and Br-. The relative affinities for C1- and HCO~ have 
been studied by a number of investigators (for review, see Lowe and Lambert, 1983): 
the K m values derived for CI- range from 3 to 65 mM and those for HCO~ from 0.5 
to 43 mM, with most reports finding a higher affinity for HCO~ over CI- by a factor 
of 2-3. Most of the apparent disparities in absolute values can be readily explained by 
taking into account the different experimental conditions of temperature, pH, ionic 
strength, use of ionophores, and presence or absence of competing anions on one or 
both sides of the membrane given the known asymmetry of the system (Gunn and 
Frrhlich,  1979). 
It is of note that the anion-exchange mechanism of human neutrophils appears to 
be devoid of affinity for divalent anions such as SO42- and oxalate. In decided con- 
trast, the red cell anion exchanger both binds and transports these anions. While C1- 
and SOl- possess comparable affinities (Schnell et al.,  1977; Barzilay and Cabant- L. SIMCHOWITZ  Anion Selectivity in Human Neutrophils  857 
chick,  1979;  Milanick  and  Gunn,  1982),  the  transport  rate  for  C1-  is  1,000-fold 
greater than that for SO~-. 
It should also be pointed out that for human neutrophils the maximal translocation 
rates for CI-, Br-, I-, and F-  (and apparently also for HCO~, NO~, and SCN-) are 
all of roughly similar magnitude (1.0-1.4 meq/liter.min). This is strikingly different 
from the situation in human erythrocytes, where the transport rates are very depen- 
dent on the nature of the transported anion. The transport rates of other anions have 
been studied  in detail by a  number of investigators, who found exchange rates to 
decrease in the order: C1- >  Br- >  F- >  I- (Tosteson, 1959); CI- =  Br- >  I- >  NO; 
>  SCN-  (Wieth,  1970); CI- >  Br-  >  HCO;  >  NO~  >  I- >  SCN-  (Dalmark and 
Wieth, 1972); CI- >  Br- >  I- (Dalmark, 1976); CI- >  NOg >  F- >  Br- >  I- (Wieth, 
1979); and CI- >  Br- >  F- >  I- >  NO~ >  SCN- (Obaid et al., 1980). These results 
generally fall within sequence 4 or 5. The rates for CI- and I-, generally the fastest 
and slowest, respectively, among the halides differ by a factor of 100. As pointed out 
by Milanick and Gunn (1984), in red blood cells, the transport rates of the halide ions 
TABLE  II 
Kinetic  Constants for the Active Cl-  Transport System in Human Neutrophils 
Ligand  True 
Michaelis constants 
Apparent 
Condition  Value 
mM  mM  mM 
CI-  4.8 +  1.2 
Br-  7.8 •  2.1"  5  CI-  15.9 •  4.3* 
I-  14.6 + 3.7*  5  CI-  29.8 -+ 7.6* 
F-  40.9 •  9.8*  5  CI-  83.6 •  20.1* 
See Table I for details. The data have been taken from Figs. 14 and 15. The least-squares 
programs were based on the assumptions that the carrier has no affinity for PAH and that 
the true Km for Cl- is 4.8 mM (Simchowitz and De Weer,  1986). 
*Figs. 14 and 15. 
*Fig.  14. 
(except F-) and other monovalent anions such as HCO~, NO~, and StSN  seem to fit 
the  relationship  in which  the  transport rate is inversely proportional  to the unhy- 
drated radius of the anion. These findings, together with the relative lack of sensitivity 
of Cl-/C1- exchange in human neutrophils  to disulfonic stilbenes (Simchowitz and 
De Weer, 1986), emphasize that major differences exist between the anion exchanger 
of leukocytes and that of red blood cells. 
Selectivity of Active Transport 
Human neutrophils  possess an active inward transport system for the intracellular 
accumulation  of chloride  ([CI-]  i -  80  meq/liter of cell water;  Simchowitz and  De 
Weer,  1986), fourfold higher than expected for passive distribution at the cell's nor- 
mal resting potential of approximately -53  mV (Seligmann and Gallin,  1980;  Sim- 
chowitz et al., 1982). Unlike anion exchange, this uptake is dependent on intracellu- 
lar ATP and is sensitive to furosemide and ethacrynic acid, although CHC inhibits 
both carrier-mediated processes (Simchowitz and De Weer,  1986).  As with results 
concerning anion exchange as discussed above, the data pertaining to the true and 858  THE JOURNAL OF GENERAL PHYSIOLOGY.  VOLUME 91  ￿9 1988 
apparent Km's for binding of the various halide ions to the external translocation site 
of the active transport system were analyzed along similar lines and are compiled in 
Table II. As explained more fully in the preceding section, the data of Fig.  15 (stim- 
ulation of 2-DOG-sensitive S2Br- or 125I-  influx by external  Br- or I-) can be rep-. 
resented by a standard Michaelis-Menten  activation equation, while those of Fig.  14 
showing inhibition of ~C1- influx by external Br-, I-, or F- follow equations of the 
form given by Eq. 5. The data obtained with Br- and I- were each fitted separately to 
an abbreviated version of the program outlined in the foregoing section, based on the 
assumptions that the true Km for C1- is 4.8 mM (Simchowitz and De Weer, 1986) and 
that the carrier has no affinity for PAH. The least-squares values for "true" Km(Br-) 
and "true" Kin(I-  ) came to 7.8 +- 2.1 and 14.6 -+ 3.7 mM, respectively. The "true" Km 
for F-, derived  solely from the set of data showing substrate  competition between 
external F- and C1- (Fig. 14), is 40.9  _+ 9.8 mM. The order of affinities, C1- >  Br- > 
I- >  F-, corresponds to sequence 4. 
Ion Permeabilities 
Our  estimate  of Pcl in  human  neutrophils,  5.1  x  10 -9 cm/s  (Simchowitz  and  De 
Weer,  1986), is of the same order of magnitude as that for human erythrocytes, -2 
￿  10 -s cm/s (Hunter,  1977; Knauf et al.,  1977). With respect to the anion selectivity 
of ion channels in neutrophits, perrneabilities were observed to decrease in the order 
I- >  Br- >  CI-, with permeability ratios of 2.2:1.4:1.0 (averages of data from Figs.  1 
and 3). This is similar to the findings in human red cells, where the relative perme- 
ability ratio is 5:1.5:1 for I-, Br-, and CI-, respectively (Hunter,  1977). These ratios 
correspond  to sequence  1,  reflecting  interactions  with  a  cationic  site  of low  field 
strength  (Diamond and Wright,  1969; Wright and Diamond,  1977). 
In summary,  the anion-exchange  system of human neutrophils  possesses affinity 
for all halide ions and for several other monovalent anions, but seems to lack affinity 
for  divalent  anions.  The  order  of decreasing  affinities  is  HCO~  ~  CI-  >  Br- 
NO~ >  F-  >  I-  -  PAH-  -  SCN-  (sequence  5).  However,  the  neutrophil's  active 
inward transport system for the intracellular accumulation of CI- binds halides in the 
sequence CI- >  Br- >  I- >  F-, corresponding to sequence 4. The sequences of both 
carriers  differ  markedly  from  that  of halide  selectivity  in  the  CI-  channel,  where 
permeabilities  decrease in the order I-  >  Br-  >  CI- (sequence  1). 
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